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Introduction 14
Almost all animals show activity/rest cycles in response to daily solar cycles of light, temperature and 15 other environmental cues. The rest phase of sleep is remarkably ubiquitous in animals suggesting that 16 sleep is important. While we humans spend a third of our lives sleeping, we do not know why sleep is 17 indispensable. Several studies link sleep levels to cognition, mood and emotional states (Krause et al., an organism as it can be radically influenced by reproductive output (Sheeba, Sharma, Shubha, 34 Chandrashekaran, & Joshi, 2000). Since reproductive success is a strong evolutionary driving force, 35
we focused on possible mechanistic links between sleep and reproductive output. 36
In humans, infertility is often associated with sleep disturbances; however, the complexity of the and testing its effect on reproductive output. We find that feeding flies with caffeine or depriving 51 them of sleep by mechanical perturbation, or by decreasing sleep by genetic activation of wake-52 promoting dopamine neurons all result in decreased egg output. Decreased sleep is associated with 53 decreased egg output for all manipulations. Thus, our study establishes a model system to study the 54 mechanisms underlying relationships between sleep and reproductive processes that underlie fitness. 55
Results 56
Effect of sleep deprivation on egg output of inbred w 1118 flies. To assess the impact of sleep 57 deprivation upon reproductive output, we first used caffeine to deprive female flies of sleep. Flies 58 were given caffeinated food during the day only (D caf ), or during the night only (N caf ) or standard 59 cornmeal food during both day and night that acted as controls (Ctrl). To estimate the appropriate 60 concentration of caffeine for our egg output assay, we quantified the amount of sleep loss in flies with 61 two concentrations (0.5 and 1 mg/ml) based on previous studies (Andretic, Kim, Jones, Han, & 62 Greenspan, 2008; Wu et al., 2009) and our pilot experiments. Flies that were fed with food containing 63 0.5 mg/ml caffeine only during the day (D caf ) tend to exhibit less sleep during the day as compared to 64 their own baseline (BS) as well as compared to control flies during caffeine (CAF) days ( Fig 1A, BS  65 and CAF), although this reduction was not statistically significant ( Fig 1B, day) . However, these flies 66 showed a rebound increase in daytime sleep upon removal from caffeinated food ( Fig 1A, RC) which 67 was significantly higher than daytime sleep during BS and CAF ( Fig 1B, day) . Similarly, when flies 68 were fed with food containing 0.5 mg/ml caffeine only during the night (N caf , Fig 1A- when flies were fed with food containing 1 mg/ml caffeine ( Supplementary Fig 1) . Importantly, 0.5 74 mg/ml is more efficient in decreasing sleep levels (53% day and 49% night sleep loss) as compared 75 to 1.0 mg/ml of caffeine (38 % day and 4 % night sleep loss, Fig 1B' ). This may be due to reduced 76 food intake with increasing caffeine content, which could in turn result in lesser extent of sleep loss. 77 reproductive output. We subjected 5-day old female flies (mated for one day prior to the start of the 80 experiment) to caffeine treatment only during the day (D caf ) or only during the night (N caf ). We found 81 that both D caf and N caf flies laid lesser number of eggs as compared to the control flies both during the 82 day as well as night ( Fig 1C) . N caf flies laid lesser number of eggs as compared to D caf flies also, 83 which was statistically significant on the later days of the treatment ( Fig 1C) . When we compared the 84 total number of eggs averaged over the 6 days of treatment, D caf flies laid significantly lesser number 85 of eggs as compared to control flies, and N caf flies laid significantly lesser number of eggs as 86 compared to both control and D caf flies ( Fig 1C' ). 87
Since it is likely that flies fed with caffeine laid fewer eggs simply because oviposition was inhibited 88 by food containing caffeine, we carried out an oviposition preference assay, where flies were allowed 89 to lay eggs on a petri plate, with half the plate containing standard food and the other half containing 90 0.5 mg/ml caffeinated food. We found that flies laid almost equal number of eggs on both halves, 91
suggesting that for food containing caffeine at a concentration of 0.5 mg/ml, flies do not have any 92 ovipositional avoidance (Preference Index caf = 0.49 ± 0.11, chi-square test, χ 2 = 0.049, p = 0.82). 93
Overall, these results suggest that caffeine decreases egg output and flies that lose night sleep tend to 94 lay lesser number of eggs than flies that lose daytime sleep. 95
To confirm the effect of sleep loss in egg output we used a completely different sleep deprivation 96 method. We substituted caffeine with a vortexer-based mechanical perturbation protocol. Three sets 97 of flies received either of the following treatmentsexposure to mechanical disturbance only during 98 day (D dep ), or only during night (N dep ) or control (Ctrl) condition with no mechanical perturbation. 99
For the same sets of flies, we obtained both sleep levels and egg counts by transferring flies to fresh 100 tubes every 12 hours for five days. As expected, mechanical disturbance during day reduced daytime 101 sleep and that during night reduced night sleep drastically ( Fig 1D-F ). However, only N dep flies 102 recovered this lost night sleep during the subsequent days ( Fig 1E) whereas D dep flies did not recover 103 the lost daytime sleep during subsequent nights ( Fig 1F) . Nevertheless, N dep flies lost greater amount 104 of overall sleep as compared to D dep flies ( Fig 1G) . Importantly, the average egg output in both D dep flies, which on average lost more sleep, also laid significantly lesser number of eggs as compared to 107 D dep flies ( Fig 1G-H) . Thus, these results along with similar results obtained with sleep deprivation 108 using caffeine suggest that sleep loss results in reduction in egg output and that sleep loss during the 109 night has a greater detrimental effect on egg output. 110
Effect of sleep deprivation on reproductive fitness of outbred flies. We used a strain of w 1118 flies 111 which has been maintained in our laboratory for several years and is likely to harbour loci that have 112 been fixed for certain traits which may have resulted in the above phenotype by chance. Given that 113 reproductive output is a major Darwinian fitness trait, we asked how sleep loss might affect 114 reproductive output in a large, random mating and therefore outbred population of flies which is 115 unlikely to have suffered from similar genetic bottlenecks (CCM) (Gogna, Singh, Sheeba, & Dorai, 116 2015) . We subjected flies to three different concentrations of caffeine (0.5, 1.0 and 1.5 mg/ml) either 117 only during day or only during night and found that none of the D caf flies lost daytime sleep, whereas 118 all the N caf flies lost similar amounts of night sleep (Fig 2A-B ). However, D caf (1.5 mg/ml) flies laid 119 significantly lower number of eggs than the control flies, suggesting that caffeine can affect egg 120 output even without its effect on daytime sleep ( Fig 2C) . Moreover, N caf flies receiving 0.5 mg/ml and 121 1.5 mg/ml caffeine also showed reduced egg output as compared to control flies ( Fig 2C) . These 122 results point toward a direct effect of caffeine on egg output independent of its effect on sleep as well 123
as an indirect effect on egg output through sleep loss. To probe this further, we increased caffeine 124 concentration and found that even higher caffeine concentrations of 4.0 mg/ml fed during the day did 125 suggest that caffeine treatment may affect the reproductive fitness directly or indirectly through sleep 133
loss. 134
We next subjected the CCM flies to sleep deprivation protocol using mechanical perturbation either 135 tubes and egg output in vials exposed to the following regimetwo days at 21 °C followed by three 157 days at 28 °C followed by a day at 21 °C under LD 12:12. As expected, at the higher temperature, whereas the baseline sleep levels of these experimental flies were not different from that of the 160 parental controls at the lower temperature ( Fig 3A-B ). The number of eggs laid by the experimental 161 flies was significantly lower than that of the controls ( Fig 3C) . Indeed, these differences in egg output 162 between experimental and control flies were not seen at the lower temperature of 21 °C ( Fig 3C) 163 when sleep levels were not affected ( Fig 3A-B ), suggesting that transiently reducing sleep levels by 164 activating wake-promoting neurons also resulted in transient reduction of egg output. Taken together, 165 our results suggest that sleep loss leads to reduction in egg output, irrespective of the method of sleep 166
deprivation. 167
Dopamine transporter mutants show reduced sleep but not reduced egg output in response to 168 caffeine. Given that increasing dopaminergic activity increases wakefulness and decreases egg 169 output, we asked if increasing the amount of dopamine in synaptic clefts also led to decreased egg 170 output. We used flies with loss-of-function mutation in the fumin (fmn) gene, which codes for 171 dopamine transporter. Mutant fmn flies have been reported to show overall reduced sleep and no 172 reduction in lifespan, but the authors did not measure fertility in their study (Kume, Kume, Park, 173 Hirsh, & Jackson, 2005). We quantified their egg output along with sleep levels and found that the 174 fmn flies expectedly showed reduced sleep levels both during the day and night ( Fig 4A-B-top) , and 175 the egg output of fmn flies was drastically reduced as compared to that of the background control flies 176 (fmn-bg, Fig 4C) . Once again, we find that flies that sleep less also have low egg output. 177
A previous study has shown that fmn mutants show a further reduction in sleep when fed with caffeine 178 (Andretic, et al., 2008) . We asked if the egg output is also further reduced in fmn flies fed with 179 caffeine compared to those fed with standard food. We fed fmn and fmn-bg flies with 0.5 mg/ml 180 caffeine either only during the day or night and found that N caf flies of both fmn and fmn-bg genotypes 181
show reduced levels of night sleep as compared to their respective controls ( Fig 4B, night) , whereas 182 D caf flies of both genotypes show reduced levels of daytime sleep ( Fig 4B, day) , even though it does 183 not reach statistical significance. Interestingly, just like the previously used inbred flies of the w 1118 184 genotype, the fmn-bg which are flies from another inbred line show a statistically significant trend of surprisingly, flies of the fmn genotype receiving the Ctrl, D caf or N caf treatments did not differ in the 187 average number of eggs laid ( Fig 4C) . This suggests that while sleep is affected by caffeine treatment 188 in fmn flies, egg output is not, suggesting that egg output cannot be reduced by caffeine beyond a 189 threshold. Alternatively, the fmn gene may be involved in caffeine-mediated egg output reduction 190 independent of the caffeine-mediated sleep loss. 191
Discussion 192
Our study aimed to understand how sleep affects reproductive output in female fruit flies Drosophila 193 melanogaster. We find that feeding flies with caffeine such that it reduces sleep also reduces egg during larval stages or immediately after eclosion both have far reaching consequences in terms of 217 decreased egg output and stalled ovarian development respectively (Neckameyer, 1996) . In contrast, 218
we show that a loss-of-function mutation in the dopamine transporter gene which retains dopamine in 219 synaptic clefts reduces sleep and reduces egg output while transient increase in dopaminergic activity 220 causes a transient decrease in both sleep and egg output (Fig 3) . Together these results demonstrate 221 that levels of neuromodulatory substances can have strong dose dependent effects such that both low 222 and high titres can lead to sub-optimal outcomes to the organism (Berridge & Arnsten, 2013). 223
Caffeine is one of the most widely used psychostimulants in the world and it promotes wakefulness 224 and causes sleep deprivation. With increased precedence in shift work and a general lifestyle 225 favouring delayed bedtimes and decreased night sleep levels, the consumption of caffeine specifically 226 during the night is bound to increase. Here, we show that caffeine consumption and increased night 227 activity decreases sleep and negatively alters egg output in Drosophila. While we have shown this 228 effect with female flies, it is not wrong to expect similar trends in male reproductive output as well. 229
In conclusion, our results unequivocally show that each method of sleep deprivation, be it chemical, 230 mechanical or genetic, results in sleep loss accompanied with reduction in egg output. For animals 231 that invest in parental care, sleep deprivation may be an inevitable consequence resulting in lowered 232 reproductive output thereby potentially giving rise to a subtle level of parent-offspring conflict or co-233 adaptation. We conclude that sleep may contribute to reproductive success of organisms, thereby 234 amplifying its propensity to be selected for, over evolutionary timescales. 235
Materials and Methods 236
Fly strains. Fly strains used for both activity/rest and egg output assays were w 1118 (Bloomington bg), TH GAL4, UAS dTRPA1 and previously described outbreeding population Chrono Control 239
Merged [CCM, (Gogna, et al., 2015) ]. Fmn and fmn-bg flies were gifts from Dr. Kazuhiko Kume, 240 Nagoya city University, Nagoya, Japan. Other fly lines were obtained from the Bloomington stock 241 centre, Bloomington, Indiana. All the transgenic flies used were back-crossed into the standard w 1118 242 background for at least 7 generations. 243 Activity/rest and egg output assays. For the activity/rest assays, 4-5 day old virgin female flies 244 were initially allowed to mate for a day and then were individually housed in tubes (65 mm length, 3 245 mm diameter) with standard cornmeal food on one end and cotton plug on the other and activity was 246 recorded in DAM2 monitors (Drosophila activity monitoring system, Trikinetics, Waltham, 247
Massachusetts, USA). The DAM system works on the standard beam-breaking principle where a fly 248 cuts an infra-red beam whenever it moves in the middle portion of the tube, thereby generating 249 activity counts. Activity counts were binned at 1 min intervals to obtain sleep parameters using the 250 software PySolo (Gilestro & Cirelli, 2009 ). Flies were housed in light and temperature controlled 251 environments with 12 hours of light and 12 hours of darkness (LD 12:12) at 25 °C using incubators 252 (MIR-273, Sanyo, Japan; DR-36VLC8 Percival Scientific Inc., USA). Flies were flipped into tubes 253 containing either standard food or food containing different concentrations of caffeine (Hi-Media) 254 every 12 hours depending upon their treatment. The activity recording assays were run for a period of 255 6-7 days. First two days represent baseline days of recording, next three days (days 3-5) were the 256 days during which sleep deprivation was given either by caffeine treatment or temperature increase, 257 and the last two days represent the recovery days during which sleep rebound is expected to occur. 258
For specific assays, flies were fed with caffeine either during day or night for a period of 6 days. 259
The egg output assays were conducted simultaneously along with the activity/rest assays, on a parallel 260 set of flies housed in glass vials (10 cm length, 2.5 cm diameter) containing ~3 ml of cornmeal food 261 with or without caffeine depending upon the treatment. For the egg output assays, a small amount of 262 charcoal (0.8 g/L) was added to cornmeal food to increase the contrast between eggs and food surface, 263 thereby aiding in egg counting. As before, flies were transferred into fresh food every 12 h and the experiment for sleep deprivation by mechanical means, individual flies were housed in tubes (65 mm 266 in length, 5 mm in diameter) placed in DAM5 monitors which were then mounted on a vortexer 267 (VWR) that was used to mechanically disturb flies either during the day or night. Eggs laid by flies in 268 these tubes as well as by flies that remained undisturbed throughout day or night were then counted 269 for a period of 5 days. Oviposition choice assays were performed by introducing 5 female w 1118 flies 270 for a period of two hours on petri-dishes that contained standard cornmeal food on one half and 271 cornmeal food with specific concentrations of caffeine on the other. Kruskal-Wallis test was conducted with p-level set at 0.05. 281
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